ABSTRACT: Management of biological nitrogen fixation in common bean still requires improvement. The objective of this study was to verify the compatibility of nitrogen fertilization with biological N 2 fixation to increase common bean yield and profitability. Four field experiments were performed in four municipalities of Minas Gerais, Brazil, during the 2009 and 2010 winter crop season. The 2009 crop experiments were set up under a no-till system and the 2010 crop was conducted using conventional tillage. A randomized block experimental design was used with four replications and seven treatments combining application rates of mineral N (at sowing and/or topdressing) and seed inoculation with Rhizobium tropici strain CIAT899. Inoculation with 20 kg ha -1 N-urea at sowing and seed inoculation does not interfere with nodule dry matter and promotes yield comparable to that observed with 80 kg ha -1 N-urea with economic profitability in both no-till and conventional tillage systems. These results show the possibility of economic savings with respect to N fertilizers, but also a significant ecological contribution by avoiding problems associated with misuse of these fertilizers, such as eutrophication of waterways and denitrification.
INTRODUCTION
Dry/edible beans are among the crops most consumed throughout the world (Broughton et al., 2003) . Brazil is the largest global producer and consumer of common bean (Phaseolus vulgaris L.), which is the main source of protein and an important source of carbohydrates for the population, especially farmers, who produce it as a subsistence crop. Small farmers are primarily responsible for the domestic supply of this crop so important to Brazil; however, because of advances in mechanization and irrigation, there are now large producers in the market, especially for the winter crop. However, the national average yield is still low, approximately 1,058 kg ha -1 (Conab, 2015) .
Common bean requires high levels of N, and the low availability of this nutrient in the soil, coupled with the short cycle and shallow roots of the plant, contribute to its low yield.
One N source is decomposition of soil organic matter, originating either naturally or from previous cropping. However, organic matter storage in tropical soils is low and is not sufficient for crop requirements; thus, management practices are a more effective option. Arf et al. (1999) observed that treatments containing the crop residue of velvet bean and lablab (2,407 and 2,149 kg ha
, respectively) showed higher grain yield values compared to treatment with maize crop residue (1,189 kg ha -1 ). Mineral fertilization (Andrade et al., 2001; Araújo et al., 2007) and biological N 2 fixation (Raposeiras et al., 2006; Soares et al., 2006; Ferreira et al., 2009) are solutions for N-deficiency in plants. However, inoculation is not always satisfactory, and the addition of mineral N may be required (Raposeiras et al., 2006; Pelegrin et al., 2009; Kaneko et al., 2010 ).
There are a few studies related to combined mineral N fertilization and inoculation with N 2 -fixing bacteria in common bean, and most of them are in greenhouse conditions. According to a study conducted by Tsai et al. (1993) , small application rates of N (15 mg kg -1 ) at the beginning of the bean cycle, with average levels of fertility complementation in 3 kg pots of soil improve conditions for nodule formation. Brito et al. (2011) , in experiments using N 15 in pots containing 5 kg of soil, showed that with a starting application rate of 15 mg kg -1 of mineral N, biological N 2 fixation was able to meet plant nutritional requirements. According to Franco et al. (1979) , topdressing with low application rates of mineral N fertilizer should be performed 25 to 30 days after sowing for improved biological nitrogen fixation (BNF). Therefore, technical and economic evaluation of research data are quite relevant in terms of maximization of fertilizer use efficiency, based on theoretical yield and cost (Freire et al., 2011) .
Considering the diversity of climate and soil conditions, we hypothesized that variations commonly found in field results regarding the effects of inoculation can be reduced by joint application of inoculation and mineral N fertilization. The objective of this study was to verify the compatibility of nitrogen fertilization with biological N 2 fixation to increase common-bean yield, and to improve the economic viability of the common bean crop in Oxisols of different textures in the state of Minas Gerais, Brazil.
MATERIALS AND METHODS
Four experiments were conducted in the field ( . The herbicide fluazifop-p-butyl + fomesafen (Robust ® ) was then applied in post-emergence at 240 g L -1 ha -1 of a.i.
In Epamig and DAG, weed control was manually performed when necessary. In DAG, there was a moderate attack of Lagria villosa (Coleoptera), which was controlled with deltamethrin (DECIS ® , 25 g L -1 ha -1 of a.i.), a pyrethroid insecticide, at 64 days post-emergence (DPE), applied as a liquid mix at 222 L ha -1 . In the same location, bait was used to control leafcutter ants at 7 DPE. All experimental areas were irrigated; at Faepe, a center pivot was used, and in other areas, overhead irrigation was used.
Basic fertilization followed the recommendations of Ribeiro et al. (1999) for the common bean crop. In DBI and Faepe, 400 kg ha -1 of the 0-28-10 formulation of N-P-K was applied. In DAG and Epamig, 70 kg ha -1 of P 2 O 5 and 20 kg ha -1 of K 2 O were applied as triple super phosphate and potassium chloride, respectively.
The common bean cultivar BRSMG Majestoso was used, which has a carioca (beige with brown stripes) grain type (30.6 g per 100 grains), a Type II/III growth habit, and an 87 days cycle; it is a cultivar officially recommended for the state of Minas Gerais (Abreu et al., 2007) .
The strain used for inoculation was Rhizobium tropici CIAT 899 (Graham et al., 1994) , approved by the Ministry of Agriculture, Livestock and Food Supply (MAPA) as an inoculant for the common bean crop. The inoculants were prepared at the soil microbiology laboratory of the Department of Soil Science -UFLA and were grown in sterilized liquid medium 79 (Fred and Waksman, 1928) . After 48 h of growth, during the log phase, the material was transferred to an Erlenmeyer flask containing peat sterilized by autoclaving for 20 min. The resulting mixture (inoculant) had a 3:2 ratio (w:v) of peat: culture and was used as the base at 100 g per kg of seed. Inoculant quality was monitored through counting of colony-forming unit (CFU), given that the statutory minimum number of viable cells is approximately 10 9 CFU of Rhizobium per gram of inoculant at sowing.
A randomized block experimental design was used with seven treatments and four replicates at DBI and Faepe and three replicates at DAG and Epamig. The treatments were: 1 -no mineral nitrogen (N) and no seed inoculation (Control); 2 -only seed inoculation (Inoc); 3 -only 20 kg ha of N-urea at topdressing (Inoc + 20S + 40T); and 7 -inoculation + 20 kg ha -1 of N-urea at sowing + 60 kg ha -1 of N-urea at topdressing (Inoc + 20S + 60T). In the experiments conducted at DBI and Faepe, topdressing was split two times in the case of treatment 6 (20 + 20 kg ha -1 of N-urea) and three times for treatment 7 (20 + 20 + 20 kg ha -1 of N-urea), starting from the onset of the 1st trifoliate leaf pair and applied successively at intervals of 10 days. In the DAG experiment, the N topdressing in treatments 6 and 7 was split into two, and a single application was performed at Epamig.
Each experimental unit (12 m
2 ) consisted of six 4-m-length rows spaced at 0.5 m, and the area used for data collection corresponded to the four central rows. Immediately after inoculation, manual sowing was performed at a density of 15 seeds per meter. Rows 1
Rev Bras Cienc Solo 2016;40:e0150235 and 6 were considered borders, rows 2 and 3 were used for sampling at flowering, and rows 4 and 5 were used for harvest after maturation.
At full flowering (stage R6 of the growth cycle), 10 plants were randomly collected from each plot to assess the number of nodules (NN), nodule dry matter (NDM), shoot dry matter (SDM) and N accumulation per shoot (NAS). At harvest (stage R9), the grain yield (GY) and the primary components of production were determined, including pods per plant (PP), grains per pod (GPP), 100 grain weight (100 GW) and grain N accumulation (GNA). Grain yield (13 % moisture) was the result of the track pods of all plants in rows 4 and 5, and the components were determined at random in these 10 plants. The N content was determined by the Semimicro-Kjeldahl method, according to Sarruge and Haag (1979) . Shoot N accumulation was calculated by multiplying the SDM by the N content and dividing by 100. The calculation of grain N accumulation (GNA) was performed in the same manner using grain yield and grain N content.
To meet the assumptions for analysis of variance, all data were tested for variance in normality and homogeneity using R software (R Development Core Team, 2012) , and the NN and GPP data were processed in (x+0.5) 0.5 . The data were then subjected to analysis of variance for each crop using Sisvar software version 4.0 (Ferreira, 2011) . The viability of combined analysis was measured by comparing the magnitude of the residual mean square of individual analysis as described in Banzatto and Kronka (2006) . In cases of a significant treatment effect, grouping of means was conducted using the Scott-Knott test at 5 % probability.
Regression curves considering all treatments (except the Control and 20S treatment) allowed estimation of the N application rate to obtain the maximum yield expected at each site (Theory of Production). This evaluation did not consider a joint analysis of the 2009 crop experiments (DBI and Faepe) and was based on estimates of the following equations:
Eq. 2 where Y is common bean commercial crop yield, kg ha
; N is total amount of mineral N applied; a, b, and c are parameters of the equation: c < 0; Nmax is N application rate corresponding to maximum yield.
In order to estimate the Rate of Return on Invested Capital (RR), cost theory was applied by calculating the difference between the monetary amount of production (MAP) and the costs of the N applied, inoculants, and tractor services. The cost (Cost) was calculated as the sum of fertilizer and inoculant expenditures and one tractor-hour for each treatment, which represents additional hours for topdressing applications at each experimental site. Thus, Rate of Return on Invested Capital can be calculated as follows:
Eq. 3
where RR is the Rate of Return on Invested Capital (R$); Py is the unit price of common bean products according Agrolink (October 2009 = R$ 1.14 kg 
RESULTS

Winter/spring crop 2009
In analysis of variance of the data obtained at flowering, a significant treatment effect (T) was observed on SDM and NDM, and a site effect (S) was observed on SDM, NDM, and NAS. The T × S interaction was significant only for SDM.
For the S × T interaction in relation to SDM, there was no difference among treatments at Faepe (Table 3 ), but at DBI, the SDM of the Control was inferior to the treatments that received N supplementation; the cultivation site did not interfere in the SDM of the Control, but among the other treatments, the highest values were obtained at DBI. Although the F-test was significant, there was no difference among treatments for NN (Table 4) . With respect to NDM, the treatments that received mineral N topdressing (Inoc + 20S + 20T, Inoc + 20S + 40T and Inoc + 20S + 60T) showed the lowest means. In comparison of the sites, DBI exhibited higher average NDM and NAS (Table 4) .
At maturity, the winter-spring 2009 crop all parameters were influenced by cultivation site (S), and only 100 GW was not affected by treatment (T). Only the S × T interaction, however, significantly influenced GPP.
In general, the highest PP, 100 GW, GPP, and GNA were observed at Faepe (Table 4) . The 100 GW showed little variation and did not differ among the treatments. As for GY, the Control and Inoc treatments were statistically inferior to the others, followed by the 20S treatment, which represented an intermediate group. The highest yields occurred from treatments of the combined application of the inoculant and mineral N. Inoculation followed by the application of 20 kg ha -1 of N-urea at sowing (Inoc + 20S) did not differ statistically from inoculation plus 20 kg ha -1 of N-urea at sowing and 60 kg ha -1 of N-urea in topdressing. Regarding the GNA variable, the treatments that received mineral N fertilization proved superior to the Control and Inoc.
The treatments differ in their levels of GPP, but this effect was influenced by the cultivation site (Table 3 ). The Inoc + 20S and Inoc + 20S + 60T treatments provided higher GPP at DBI, whereas no differences were observed at Faepe. The Control, Inoc, and Inoc + 20S + 20T treatments resulted in similar means of GPP at both cultivation sites. In relation to other treatments (20S and Inoc + 20S + 40T), GPP in DBI had higher values.
Winter/spring crop 2010 at DAG
At DAG, there was a significant effect of the treatments on all flowering variables except the SDM. The Inoc and Inoc + 20S treatments showed higher NN and NDM, while the other treatments had averages that were equivalent to each other but lower than those for Inoc and Inoc + 20S (Table 4) . With respect to NDM, the 20S treatment showed values In each column, the averages followed by the same letter belong to the same group, according to the Scott-Knott test at 5 % probability. For the winter-spring 2010 crop at DAG at maturity, only GPP and GY were influenced by the treatments. The highest GPP values were found in the Control, 20S, Inoc + 20S + 40T, and Inoc + 20S + 60T treatments, which did not differ from each other. The inoculated treatments receiving N fertilizer at sowing and/or topdressing showed similar GY values that exceeded those of the Control and Inoc, which exhibited lower yield. The 20S treatment generated an intermediate GY (Table 4) .
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Winter/spring 2010 crop at Epamig
At the Epamig site at flowering, there was no treatment effect on SDM and NN. However, the treatments influenced NDM and NAS. With respect to NDM (Table 4) greater values were obtained in Control and Inoc. With respect to NAS, the 20S, Inoc + 20S, Inoc + 20S + 40T, and Inoc + 20S + 60T treatments showed higher values than the other treatments.
A treatment influence was observed on PP, GY, and GNA at maturity. The PP values showed that the Inoc + 20S and Inoc + 20S + 60T treatments had greater values than the other treatments. The GY and GNA variables showed the highest average for the treatments that received both inoculation and fertilization with N ( Table 4) . ) than that where the maximum production was obtained by the equation: 51.18 kg ha -1 of N-urea. This was influenced by cost increases due the application of higher amounts of N-urea (Table 5) .
Rates of return on invested capital
Winter/spring 2009 crop at Faepe
At the Faepe site in 2009, maximum production was 2,946.65 kg ha -1 and it was obtained with the application rate of 67.63 kg ha -1 of N-urea calculated from the equation ŷ = 1,940.23 + 29.76 x -0.22 x 2 ; R = 0.63. However, the treatment representing highest rate of return on invested capital was Inoc + 20P + 40T, with the return of US$ 5,590.74 (Table 5) , this return also came from a lower application rate than that where the maximum production obtained by the equation.
Winter/spring 2010 crop at DAG
At the DAG site in 2010, with the application rate of 66.03 kg ha -1 of N-urea, maximum production was obtained (1,884.75 kg ha -1 ), calculated by the equation: ŷ = 710.00 + 35.62 x -0.27 x 2 ; R = 0.66. Table 5 shows that treatment with the highest rate of return on invested capital -US$ 7,975.18 -was at the highest N application rate: Inoc + 20S + 60T.
Winter/spring 2010 crop at Epamig
Maximum production at Epamig in 2010 was 1,642.35 kg ha (Table 5) .
Rev Bras Cienc Solo 2016;40:e0150235 DISCUSSION A significant effect on SDM from the treatments was only observed at DBI (Table 3 ). The Control in DBI was lower than in the other treatments, which shows that in the absence of N sources there is lower initial plant growth, with a reduction of more than 55 % in shoot matter compared to treatments that received only Inoc and/or mineral N. Studies of common bean related to inoculation with bacteria and mineral fertilizers have varied widely with respect to this parameter. Bassan et al. (2001) , working with Pérola, and Soares et al. (2006) , with a Talismã cultivar in an Argissolo Vermelho Distrófico típico Ultisol), found that inoculation treatments had higher SDM compared to treatments without inoculation and without mineral N. However, Pelegrin et al. (2009) Excess mineral N in the soil reduces nodulation in plants due to a lack of stimulation related to a deficiency of this nutrient (Moreira, 2006 ). The present study shows that NN was not affected by the treatments studied at the DBI, Faepe, and Epamig sites (Table 4) . At DAG, the Inoc and Inoc + 20S treatments showed higher nodulation, indicating that inoculation was effective in forming nodules and that 20 kg ha -1 of N-urea at sowing favored root growth, probably increasing the points of infection in the roots (Table 4 ).
The inhibitory effect of mineral N on the nodule is visible in NDM (Table 4) because this variable had reduced mean values with increased N-supply in topdressing. As observed in the experiments at the DBI and Faepe sites, the treatments that received topdressing showed decreased NDM in comparison with the other treatments, and this effect was more pronounced at Faepe. Similar results were observed at the other sites, although at DAG, the Control did not differ from the treatments with N-addition in topdressing; however, at Epamig, all treatments that received mineral fertilizer showed lower values. Nodulation inhibition by high N levels is well reported in the literature (Mostasso et al., 2001; Soares et al., 2006; Ferreira et al., 2009 ).
Greater NAS was observed at the DBI site compared to Faepe (Table 4) . N accumulation in this site may have been favored by the high organic matter content in the soil, which certainly provided N to the plants. At the DAG site, higher NAS values were achieved in the treatments that received mineral N in topdressing. However, at Epamig, the lowest N application rate in topdressing resulted in an NAS similar to what was obtained from the Control and Inoc treatments, which showed the lowest average values among those evaluated. At Epamig, the unexpected result may have come from the lower SDM value compared to the other treatments that received N because NAS is the result of multiplying SDM by the N content in the SDM.
In general, the DBI site was superior at flowering for all variables (Table 4 ) compared to the Faepe site (Table 5) , which was not maintained at grain maturity. The results for the DBI site may also be attributed to the effect of organic matter, where the greatest N amounts were available in the vegetative phase. These N levels allowed the plant to remain in the vegetative stage for a longer period, which is not always favorable for grain productions.
For the primary yield components, there are differences among the treatments for some variables in some sites. Araújo et al. (2007) assert that these characteristics have high genetic heritability, but in some situations, no differences occur with various management types. However, improved nutritional status can increase these values. Andrade et al. (2001) assert that the mineral fertilization in topdressing resulted in a larger number of pods per plant, showing that N application at sowing additionally to topdressing, as well as inoculation additionally to N applied at topdressing resulted in higher values for PP compared to the treatments: inoculation only (Inoc) and the control (Control).
The treatments affected GY at all of the sites, and similar results were observed in GNA, except at DAG. The GY at the four sites under all treatments were higher than the national average of 1,312 kg ha -1 in the winter crop (Conab, 2015) , except in the Control and Inoc treatments at the DAG and Epamig sites. The highest grain production occurred at the DBI and Faepe sites, which adopted a technological level of 4 (Ribeiro et al., 1999) .
In general, all of the treatments that received mineral N and inoculation were in the highest group and showed a savings of 60 kg ha -1 of N-urea. In the 2009 experimental crop (DBI and Faepe), the Inoc + 20S treatment produced 2,220.60 kg ha -1 of grain, similar to the Inoc + 20S + 60T treatment, which had a yield close to 2,424.27 kg ha -1 (Table 4) . The same treatments produced 1,543.21 and 1,909.15 kg ha -1 at the DAG site and 1,567.98 and 1,640.28 kg ha -1 at the Epamig site, respectively. These results demonstrate the beneficial effect of applying fertilizer at small application rates for better root development and subsequent promotion of infection and symbiosis establishment. Brito et al. (2011) found a beneficial effect when applying N at small application rates at sowing of common bean, observing higher values (for N content in plants at a rate of 15 mg kg -1 of soil). According to Franco and Döbereiner (1968) and Tsai et al. (1993) , small application rates of N at the beginning of root growth increased the infection sites and, therefore promoted greater nodule formation. Such a benefit was evident in this study, as the treatments that received Inoc + 20S had higher NDM, except at the Epamig site, where the value for the Inoc + 20S treatment was also lower than Inoc and Control.
Regarding GNA, the treatments differed at DBI, Faepe, and Epamig. At these sites, the inoculated treatments were superior to the others, and at DBI and Faepe, the 20S treatment was also superior to the Control and Inoc treatments, with greater GNA accumulation at the Faepe site. The GNA results show again that joint inoculation with 20 kg ha -1 of N-urea was beneficial to plants, and that increasing mineral N application by topdressing did not increase GNA. Thus, this showed the benefits of small N application rates as well as BNF. Brito et al. (2011) showed that the N supply to the plant is greater through BNF than through organic or mineral N.
According to economic analysis of production, in the winter/spring 2009 crop at DBI, winter/spring 2009 crop at Faepe, and winter/spring 2010 crop at DAG, the highest rates of return on invested capital were obtained in the treatments with the highest yields. However, in the winter/spring 2010 crop at Epamig, the highest rate of return on invested capital was obtained in the Inoc + 20S treatment, which did not have the highest yield (Table 5) . When maximum yield is compared to the rate of return on invested capital, N economy was 11.18 kg ha Our results showed that the combined inoculation with application of N-urea can contribute to greater profitability in common bean crops at all sites and that the optimal application rate of mineral N depends on the site. However, it was not possible to relate these effects to edaphic and climatic characteristics as well as to management. This can be explained because the profitability does not consider the statistical difference among treatments. The profitability just considers the absolute values of the treatments. On the other hand, treatments showed the same tendency when comparing statistically the grain yields.
CONCLUSIONS
The BRSMG Majestoso cultivar inoculated with the strain CIAT 899 and application of 20 kg ha -1 of N-urea at sowing shows grain yields that do not differ from treatments receiving up to 80 kg ha -1 of N-urea.
An increase in N application rates increases common bean vegetative growth but reduces nodulation.
Combining inoculation with application of N-urea can contribute to greater profitability in common bean crops at all sites. However, the optimal application rate depends on the site.
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